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The effect of a zinc oxide optical spacer layer in broad-band polymer-fullerene solar cells is
presented. The complimentary absorption in the donor and acceptor components allows photocurrent
generation through photoinduced electron and hole-transfer mechanisms. Simulations of the
optical-field distribution reveal that an optical spacer can be used to tune the spectral response to
favor one photocurrent generation pathway via enhanced absorption in either the acceptor or donor
component. Experimental results confirm these simulations, and the spacer is shown to enhance
overall photocurrent in devices with thin active layers (<60 nm), with much less effect in thicker
junctions (>90 nm).VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4773556]
Organic solar cells (OSCs) are continuing to receive
wide-spread scientific and technological attention due to
their potential for low cost energy harvesting devices com-
patible with flexible, lightweight substrates. This activity has
resulted in dramatic improvements in laboratory-scale cells
with single junction power conversion efficiencies (PCEs)
>8%1 and tandem architectures delivering >10%.2,3 A num-
ber of strategies are being pursued to achieve further
improvements and include: design and synthesis of narrow
optical gap polymers to extend light harvesting into the near-
IR;4 multiple junctions comprising active layers with inter-
junction complementary absorption;2,5 and architectures
with enhanced light trapping or control.6 It has also been
recently demonstrated7,8 that photocurrent can be harvested
from light absorption in both the acceptor and donor compo-
nents of a single bulk heterojunction. This effectively flattens
or extends the spectral coverage without recourse to complex
multiple junction architectures. Fang et al.7 termed photocur-
rent derived from the standard pathway of light absorption
by the electron donor and subsequent photoinduced electron
transfer as “Channel I,” and the alternative process of
absorption in the electron acceptor followed by photoin-
duced hole transfer as “Channel II.” Using this strategy, it is,
in principle, possible to create complementary acceptor-
donor combinations in a balanced and optimised single junc-
tion without compromising the open circuit voltage.7,9
An effective way to control the light field distribution in
the active region of a junction is to introduce a thin optical
spacer such as titania (TiOx) or zinc oxide (ZnO).10–13 The
spacer works by tuning the spatial and spectral distribution
of the optical field interference maximum to create the larg-
est number of free carriers at a position within the junction
where they have highest probability of collection (usually
away from the electrode interfaces). Metal oxide spacers
may also provide additional benefits, including: (i) serving
as electron transporting and hole blocking layers thereby
offering selective carrier extraction at the electrodes; and (ii)
inhibiting the ingress of environmental water and oxygen
into the active layer thus leading to longer operational device
lifetimes.10,12–14
To date, the effect of optical spacers in organic solar
cells has been studied in devices operating within a relatively
narrow spectral range of 300–700 nm. In this letter, we report
an investigation into the effects of a ZnO optical spacer in
single junction devices with complementary acceptor-donor
absorption extending to 900 nm. The chosen acceptor and
donor components have distinct absorptions and produce
photocurrent via both Channel I and Channel II pathways.
We use transfer matrix optical simulations to determine an
optimal spacer and active layer thickness, and confirm our
findings experimentally by fabrication of single junction
devices and measurements of overall PCE and external quan-
tum efficiency (EQE). We observe good agreement between
the simulations and experimental spectral response results,
and in particular find that the spacer induces compensatory
and opposite effects in the two spectral windows 300–
600 nm and 600–900 nm. The optical spacer is very effective
in increasing photocurrent in devices with thin active layers,
and ineffective in devices with active layer thicknesses
>90 nm. The trends observed in our experiments are helpful
in reconciling the general debate on the effectiveness of opti-
cal spacers in organic solar cells, and also provide a system-
atic basis for optimising single junctions of complementary
absorbers using interference effects.12,15
In this study, we used the narrow optical gap polymeric
donor poly(3,6-dithieno[3,2-b]thiophen-2-yl)-2,5-bis(2-
octyldodecyl)pyrrolo[3,4-c]pyrrole-1,4-dione-50,500-diyl-alt-
4,8-bis(dodecyloxy)benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl
(PTTDPP-BDT) and phenyl-C71-butyric acid methyl ester
(70-PCBM) as the complementary acceptor. The polymer
was synthesized as described by Tandy et al.16 and the fuller-
ene was obtained from American Dye Sources and used as
received. Figure 1(a) shows the molecular structures and
Figure 1(b) their individual thin film absorption spectra.
Figure 1(c) shows the composite PTTDPP-BDT:70-PCBM
(1:3) blend thin film absorption spectra with and without a
ZnO layer. It is clear that 70-PCBM dominates the blend
absorption at shorter wavelengths (300-600 nm) and that
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PTTDPP-BDT captures photons between 600 nm and
900 nm. In our recent study on this blend, we found that sub-
stantial photocurrent is generated from absorption in both
components that constitute the photoactive layer, and that
Channel I and Channel II are indeed functioning.8 Hence,
this combination of materials is an ideal system in which to
investigate spacer effects and spectral output tuning via
manipulation of optical interference within the junction
cavity.
Bulk heterojunction organic solar cells were fabricated
onto clean pre-patterned indium-doped tin oxide (ITO) sub-
strates (Kintec, Hong Kong) with a 30 nm thick poly(ethyle-
nedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS,
Baytron P VP Al 4083) layer. A blend of PTTDPP-BDT and
70-PCBM was dissolved in 1,2-dichlorobenzene at a 1:3
weight ratio—the optimal blend ratio as previously deter-
mined.8 The ZnO layers were deposited by spin-casting ZnO
nanoparticles dissolved in 2-propanol.11 Finally, 80 nm of Al
was thermally evaporated as the top electrode under a pres-
sure of 106 mbar. All procedures except the PEDOT:PSS
processing were carried out in a nitrogen filled glove box
operating under low oxygen and moisture conditions
(<0.1 ppm). The final device structure was: ITO/PEDOT:
PSS/PTTDPP-BDT:70-PCBM/ZnO/Al and is shown sche-
matically in Figure 1(a). Calculations of the optical field dis-
tribution in the junction and surrounding layers were
performed using the program developed by van de Lagemaat
et al. from the National Renewable Energy Laboratory
(NREL) based on the transfer matrix method presented by
Pettersson et al.17 The optical constants for ZnO were
obtained from the paper of Sun and Kwok18 and all other
layers measured by spectroscopic ellipsometry as per Zhang
et al.8
Device current density-voltage (J-V) characteristics
were measured in an inert environment (H2O < 0.1 ppm and
O2< 0.1 ppm) using a Keithley 2400 source measure unit
(SMU) in a 4-point source-sense configuration. The simu-
lated Air Mass 1.5 Global (AM1.5G) irradiance was
FIG. 1. (a) Molecular structures of
PTTDPP-BDT and 70-PCBM, and a
schematic showing the structure of or-
ganic solar cells with a PTTDPP-
BDT:70-PCBM (1:3 by weight) active
layer; (b) thin film absorption spectra
for the individual components; (c) effect
of a 10 nm ZnO layer on the absorption
spectrum of a PTTDPP-BDT:70-PCBM
photoactive layer (1:3 by weight).
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provided by an Abet Sun 2000 Solar Simulator operating at
an intensity near 1000Wm2 as determined by an NREL-
calibrated silicon reference cell. The EQE measurements
were obtained using a PV Measurements Inc QEX7 setup.
Atomic force microscopy (AFM) images were obtained
using an Asylum MFD-3D-BIO system in tapping-mode and
sample preparation was identical to the device fabrication.
The ideal optical field distribution inside a thin film so-
lar cell (not just organic) is an important optimisation param-
eter. High optical field intensity in the vicinity of the
organic-metal interface in an OSC is thought to cause a
reduction in photocurrent as surface states at the interface
can provide additional recombination pathways for photo-
generated excitons. It can also cause imbalanced extraction
of the two carrier types since one or other must traverse the
majority of the junction to reach an electrode. Hence, it is de-
sirable to engineer the maximum in the optical field (particu-
larly at the wavelength of peak EQE) to be in the centre of
the active layer.10,12,19 Figures 2(a) and 2(b) show the calcu-
lated optical field distribution and the number of absorbed
photons as a function of ZnO spacer thickness. These are
evaluated at the wavelengths of 480 nm (a) and 780 nm (b),
which are absorption peaks of 70-PCBM and PTTDPP-BDT,
respectively. With the increase in ZnO layer thickness, the
optical field maximum at 480 nm (Figure 2(a)) shifts gradu-
ally from the middle of the active layer to the interface
between the active layer and the spacer. Based on the
assumption that every photon absorbed in the active layer
generates one exciton, it is expected that the same profiles
and trends would be observed for the number of photogener-
ated excitons. Conversely, the simulated optical field maxi-
mum at 780 nm (Figure 2(b)) shifts from the PEDOT:PSS
interface to the middle of active layer with increasing ZnO
layer thickness. Once again, the same trend is observed for
the number of photons absorbed. However, it should be
noted that while the photogeneration zone can be manipu-
lated by changing the ZnO spacer thickness, for practical
purposes, the layer needs to be thin due to its poor electrical
conductivity.
These changes in the optical field distribution as a func-
tion of spacer thickness result in lower photocurrent gener-
ated at 480 nm and higher photocurrent at 780 nm. If one
assumes an internal quantum efficiency (IQE) of 100% then
the total integrated photocurrent in the relevant spectral win-
dows of 300 nm–600 nm and 600 nm–900 nm as a function
of spacer thickness can be calculated. This is shown in
Figure 2(c) and the specific trends at 480 nm and 780 nm are
replicated across the broader spectral windows confirming
the ability of the spacer to enhance or decrease the relative
amounts of photocurrent generated via absorption in either
the acceptor or donor components. To investigate these phe-
nomena further, we also simulated the effects of both active
layer and spacer thickness upon the total integrated photo-
current (300 nm–900 nm) under the assumption once again
of 100% IQE. The results of this analysis are shown in
Figure 3 and it is clear that, as one may intuitively expect,
the optical spacer has a more profound effect upon the cell
output for thinner active layers (40 nm and 60 nm). Interfer-
ence derived from back surface reflections will be less
pronounced as the fraction of incident light absorbed in the
first-pass through the junction increases. Furthermore, and as
seen in Figure 2(c), the gains and losses in the two spectral
windows 300 nm–600 nm and 600 nm–900 nm virtually com-
pensate each other for the active layer thickness of 92 nm.
We now verify the simulated results experimentally in
working devices. Figures 4(a) and 4(b) show the EQE and
FIG. 2. Simulated electric field distribution (solid lines) and simulated num-
ber of absorbed photons (dotted lines) at wavelengths of 480 nm (a) and
780 nm (b), respectively, with different thicknesses of ZnO. (c) Calculated
Jsc in the 300 nm–600 nm (black) and 600 nm–900 nm (red) spectral win-
dows as a function of spacer layer thickness in devices with a structure:
ITO(100 nm)/PEDOT:PSS(25 nm)/active layer(92 nm)/ZnO/Al(80 nm).
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white light J-V for typical and nominally identical cells with
and without the ZnO spacer (10 nm) and containing a 92 nm
thick active layer of PTTDPP-BDT:70-PCBM. Consistent
with the simulation results, the EQE spectra shown in Figure
4(a) confirm loss of photocurrent in the 300 nm–600 nm
region and gain in the 600 nm–900 nm region. The EQE inte-
grated photocurrent indicates that the spacer causes a total
decrease of 1.09mA/cm2 in the shorter wavelength window,
and a gain of 0.22mA/cm2 in the longer wavelength win-
dow. The fact that the loss in current at shorter wavelengths
is not compensated at longer wavelengths is ascribed to a
spectrally dependent IQE and particularly the lower quantum
efficiency between 600 nm and 900 nm.20 Overall, it should
be noted that the 10 nm ZnO spacer actually reduces the
photocurrent density of the cell relative to the optimized con-
trol device, which arises at least in part from non-uniformity
of the thin spacer (see the AFM images in Figure 5). The
root mean square (RMS) of the PTTDPP-BDT:70-PCBM
film is 3.2 nm (Figure 5(a)), which increases to 10.7 nm
when the ZnO is deposited (Figure 5(b)). For completeness,
Table I details all cell performance parameters (JSC, VOC,
FF, and PCE) for multiple devices with and without the
spacer. The cells with a ZnO spacer exhibit slightly higher
VOC, FF, and overall PCE although as mentioned previously,
a lower JSC than the devices without the ZnO layer. The
enhancement of PCE can also be partly attributed to the role
FIG. 3. Calculated Jsc with different thickness of active layer versus thick-
ness of the ZnO layer based on the structure of ITO(100 nm)/PEDOT:
PSS(25 nm)/active layer/ZnO/Al(80 nm).
FIG. 4. EQE spectra (a), and white light current density–voltage (J-V)
curves (b) of devices with and without a ZnO optical spacer. In both cases,
the spectra are representative of the average.
FIG. 5. Tapping mode AFM height images of a PTTDPP-BDT:70-PCBM
film surface with RMS of 3.2 nm (a), and a nominally identical film over-
coated with 10 nm of ZnO (b).
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of ZnO as an electron-transporting and hole-blocking
layer.11,12,21
In conclusion, we have investigated in detail the role
and potential benefits of introducing an optical spacer layer
into a broadband organic solar cell. Simulations indicate that
the spacer layer thickness can be used to tune the relative
photocurrent produced from absorption in either the donor or
acceptor via the Channel I and Channel II mechanisms,
respectively. This tuning arises due to manipulation of the
spatial distribution of the optical field in the junction cavity
because of interference effects. For an optimised active layer
thickness of 92 nm, the simulations predict an almost com-
pensatory decrease and increase in the spectral windows of
300 nm–600 nm and 600 nm–900 nm, respectively, that is,
giving little overall benefit. Modelling of the active layer
thickness suggests that the benefits of the optical spacer are
greater in thinner junctions (<60 nm). In thicker active
layers, the amount of back surface reflection is reduced and
interference effects become less pronounced. These simula-
tion results agree well with the experimental findings on
optimised cells with and without ZnO, although with the ca-
veat that the solution processed 10 nm ZnO spacer layers
were not completely uniform. Irrespective of any beneficial
optical effects, it is clear that such spacers can be used to
tune photocurrent contributions in complementary single
junctions, and furthermore that ZnO, in particular, can assist
in electron extraction at the cathode. Our results contribute
to efforts to clarify and reconcile the role of optical spacers
in organic solar cells.12,15
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factor (FF), and PCE of PTTDPP-BDT:70-PCBM (1:3, by weight) BHJ
devices with and without the ZnO interlayer. Average (best): the average
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Device Jsc (mA/cm
2) Voc (V) FF (%) PCE (%)
With ZnO 8.86 0.2
(9.01)
0.636 0.00
(0.63)
606 1
(60)
3.316 0.04
(3.36)
W/O ZnO 9.46 0.2
(9.51)
0.616 0.00
(0.61)
546 1
(56)
3.126 0.14
(3.24)
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